A theoretical model for the photothermal radiometric signal from semiconductors of finite thickness has been used to measure simultaneously the carrier diffusion coefficient, carrier lifetime, and surface recombination velocity of FZ Si wafers with very long bulk carrier lifetimes ͑industrial microelectronic grade͒. The results showed the importance of accounting for the finite thickness of the substrate in obtaining accurate measurements of these parameters using the entirely noncontacting radiometric approach. © 1996 American Institute of Physics.
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Photothermal infrared radiometric ͑PTR͒ measurements of photoexcited excess carrier lifetime in a semiconductor using both frequency domain 1-3 and rate-window 4,5 detection configurations have been reported. A semi-infinite semiconductor sample approach assuming the carrier diffusion length much shorter than the sample thickness has been used. However, for long lifetime ͑Ͼ100 s͒ and/or thin ͑Ͻ500 m͒ semiconductor wafers the foregoing approximation is not valid and the effects introduced by a finite thickness should be taken into account.
In this letter we report a feasibility study of the PTR technique to measure carrier transport parameters in industrially relevant long bulk lifetime FZ-Si wafers.
It has been shown earlier that the photoinjected excess carrier concentration ⌬N͑x͒ ͓m Ϫ3 ͔ as a solution of the onedimensional carrier continuity equation for a finite semiconductor of thickness L ͓m͔ with optical absorption coefficient ␣ ͓m Ϫ1 ͔, minority carrier lifetime ͓s͔, carrier diffusivity D n ͓m 2 /s͔ and the front and back surface recombination velocities s 1 and s 2 ͓m/s͔, respectively, are
where
and I 0 ͓W cm Ϫ2 ͔ is the light flux, hv is the photon energy ͓J͔, and the complex plasma-wave vector n is defined as
The PTR signal from a plasma-dominated semiconductor has been shown to be proportional to
Upon calculating the foregoing integral for ⌬N͑x͒ from Eq. ͑1͒ we obtain
͑5͒
Assuming a strong optical absorption at the front surface ␣Lӷ1 and, in addition, ␣ӷ͉ n ͉, Eq. ͑5͒ reduces to
͑6͒
and for rough unpolished back surface (s 2 ӷD n ͉ n ͉) ⌫ 2 ХϪ1 in Eq. ͑2͒ and the PTR signal can be written as
where S PTR ϱ is the PTR signal from semi-infinite semiconductor 6 and the term in brackets represents the contribution from assumption of the finite wafer thickness.
The effect of the wafer thickness on the PTR amplitude and quadrature component frequency responses calculated using Eq. ͑8͒ is illustrated in Fig. 1 .
The quadrature component of the PTR signal was found to be very important and useful parameter in PTR studies of semiconductors. Being close to zero at both low and high frequency limits, it exhibits a sharp clear negative peak at the modulation frequency where ϳ1 ͑Fig. 1͒, thus allowing for the fast estimation of the lifetime and for more precise fitting to the theoretical model, than has been done 6 using the PTR phase.
As it has been stated in previous radiometric studies of semi-infinite semiconductors 1,3,6 the PTR-amplitude frequency response consists of two characteristic regions: the flat plateau at low frequencies ͑Ӷ1͒ and a ϳ Ϫ1 drop at high frequencies ͑ӷ1͒ with the slope breakpoint at ϳ1.
As can be seen from Fig. 1 , in the case of a finite wafer, decreasing L shifts the slope breakpoint to higher frequency, so that the entire frequency response looks as if the sample had a shorter lifetime. The same effective lifetime ''decrease-equivalent'' effect was observed for the frequency responses of the PTR-phase, PTR-in-phase and PTRquadrature components.
The PTR instrumentation setup used in the present study was described in detail previously. 5 An Ar ϩ laser emitting ϳ1 W at 514 nm was used as an excitation source. The modulation square waveform of the laser-beam intensity was controlled by an acousto-optic modulator. The modulation frequency range used was 100 Hz-100 kHz. The laser beam size was 5 mm to satisfy the one-dimensionality of the PTR signal. The lower limit was chosen so as to prevent the thermal component from dominating the PTR signal. Special arrangements of the set up have been made to fit the large-size wafers ͑diameter 100 mm͒.
One FZ p-Si wafer ͑10-15 ⍀ cm, Lϭ525 m͒ from MI-TEL S.C.C. ͑Bromont, Québec, Canada͒ was studied. According to the manufacturer's certificate, it has Ͼ100 s at room temperature. Figure 2 represents the experimental PTR-amplitude and PTR-quadrature frequency responses measured at room temperature. Both amplitude and quadrature components follow the theoretical predictions. The high-frequency log-log amplitude slope of Ϫ1 indicates a low surface recombination velocity s 1 .
1,6
The three-parameter fitting of the foregoing frequency responses by the theoretical model, Eq. ͑7͒, resulted in a very good correlation ͑solid lines in Fig. 2 are overlapped by the experimental points͒ and yielded the following carrier transport parameters: ϭ350 s, s 1 ϭ210 cm/s, and D n ϭ32 cm 2 /s. The importance of accounting for the finite thickness of Si wafer is clear from the comparison of experimental data and corresponding fitting curves with responses simulated using the same parameters and a semi-infinite model for the PTR signal S PTR ϱ , Eq. ͑8͒, presented as dotted lines in Fig. 2 
